Introduction
Recently, the magnetically controlled shape memory alloys, i.e., ferromagnetic shape memory alloys, have been highlighted. 1) It has been reported that NiMnGa alloys show a large change in the magnetic moment associated with a thermoelastic martensitic transformation from the L2 1 parent structure to 10M with the stacking sequence ð3 2Þ 2 , 14M with the stacking sequence ð5 2Þ 2 or 2M with the stacking sequence (1) 2 martensitic phases. 26) The 10M and the 14M martensites can be characterized by a five (ten) layered modulated structure and a seven (fourteen) layered modulated structure, respectively. The 2M martensite is a non-modulated structure. The deformation of martensite in ferromagnetic shape memory alloys is induced by the rearrangement of variants due to the applied magnetic field and/or stress. It has been reported that the rearrangement of martensite variants by magnetic field occurs any temperature for the 10M martensite, while it occurs only in a limited temperature range for 14M martensite and does not occur at any temperature range for the 2M martensite. 7) Therefore, the 10M martensite is considered to be mainly responsible for the magnetic shape memory effect of the NiMnGa alloys. The boundary between martensite plate variants is composed of the twinning as described below. Thus, twins in the martensite play an important role of ferromagnetic shape memory effect as well as those in thermally controlled shape memory alloys. The characterization of twins and martensite plate variants is essential to a further understanding of the shape memory behavior.
The crystallography of twinning is described by either the K 1 (twinning) plane and © 2 direction (intersection of the K 2 plane and the plane of shear) or the K 2 plane (another undistorted plane) and © 1 direction (twinning shear direction). Type I twinning has a rational K 1 plane and © 2 direction. 8) Type II twinning has a rational K 2 plane and © 1 direction. All indices of the four elements are rational in compound twinning. The two twin crystals in the Type I and the compound twins are related by the mirror symmetry with respect to the K 1 plane. Those in the Type II twin are related by a rotation of ³ around the © 1 axis. In order to determine the twinning mode of Type I and compound twins directly and conveniently by electron diffraction experiments, the incident electron beam is required to be parallel to the K 1 plane. The obtained pattern consists of two sets of reflections, which are in mirror symmetry to each other with respect to the K 1 plane. Consequently, the K 1 plane can be estimated unequivocally from the mirror symmetry pattern. On the other hand, the diffraction pattern obtained along © 1 direction of Type II twin shows a single pattern.
918) These incident beam directions for each twinning mode are so-called the edge-on state. The edge-on state is also required exactly to analyze the twin interface structure on atomic scale by HREM. It is apparent from the above descriptions that there are plural electron beam directions in the edge-on state for the Type I and the compound twinnings. On the other hand, the edge-on state for the Type II twinning is the unique axis of © 1 . In other words, the overlap of two twin crystals is unavoidable at the Type II twin interface in HREM observations along the other axes because of an irrational K 1 plane, thus clear information is not obtained.
It has been widely recognized that the lattice invariant shear of martensite with layered modulated structure is stacking faults on (001) basal plane.
1925) Therefore, internal twins are boundaries of martensite plate variants, which are so-called "variant accommodation twins". The variant accommodation twin is introduced as a result of mutual accommodation of shear strains between variants in the martensite. For 9R and/or 18R martensites, many researchers 2023) The intervariant boundaries of these three types are in Type II, Type I and compound twin relations, respectively. 2225) These are also classified to three morphological features, i.e., spear, wedge and fork-like morphologies, respectively. 2023) These fundamental combinations produce the self-accommodating morphology with the diamond type in Cu-based alloys 1922) and the parallelogram type in NiAl alloy. 23) The authors have reported on the variant combinations of the 14M martensite in the NiMnGa alloys. 26) However, there is no systematic investigation on those of the 10M martensite in the NiMnGa alloys as far as we know.
The purposes of the present study are to investigate the twinning modes and variants configuration in the 10M martensite in the NiMnGa ferromagnetic shape memory alloy and to characterize morphological and crystallographic aspects of those twins by CTEM and electron diffraction experiments. In addition, the atomic arrangement of each twin boundary is also investigated by HREM in the edge-on state.
Experimental Procedure
The materials used were Ni28.0 at% Mn22.0 at% Ga and Ni28.5 at% Mn21.5 at% Ga alloys which were prepared by arc melting in an argon atmosphere using pure materials of 99.99 mass% Ga, 99.9 mass% Ni and 99.9 mass% Mn. The ingot was annealed at 1123 K for 86.4 ks for homogenization and then plate specimens of 0.2 mm in thickness were sliced by diamond saw. TEM specimens of 3 mm in diameter were fabricated from the plates by ultrasonic cutter and then annealed at 1123 K for 3.6 ks in a vacuum-sealed quartz tube. Subsequently, they were annealed at 923 K for ordering followed by quenching in iced water. Thin foil specimens are electropolished using the twin jet method in an electrolyte of 30% nitric acid in methanol at around 230 K. The transformation temperatures were measured by differential scanning calorimetory (DSC). The Curie temperature T c of Ni28.0 at% Mn22.0 at% Ga and Ni28.5 at% Mn21.5 at% Ga alloys is 371 and 369 K, respectively. The M s , M f , A s and A f temperatures of Ni 28.0 at% Mn22.0 at% Ga alloy were 304, 292, 309 and 321 K, respectively. Those of Ni28.5 at% Mn21.5 at% Ga alloy were 328, 312, 328 and 335 K, respectively. The 10M and the 14M martensites coexisted in both the alloys. The 10M martensite was dominantly observed in the Ni 28.0 at% Mn22.0 at% Ga alloy. On the other hand, the 14M martensite was dominantly observed in the Ni 28.5 at% Mn21.5 at% Ga alloy. From the DSC measurements, the martensitic transformation in both the alloys has been completed at room temperature. However, the 10M martensite is not stable in TEM specimens of the Ni 28.0 at% Mn22.0 at% Ga alloy and transforms to the parent phase during the TEM observations. Therefore, the Ni 28.5 at% Mn21.5 at% Ga alloy was mainly used in the TEM observations. Figure 1 shows the surface relief of the martensite in Ni 28.0 at% Mn22.0 at% Ga alloy at room temperature. There are two kinds of surface relief. One is self-accommodating morphology similar to the parallelogram type 23) rather than the diamond type.
Results and Discussion

Combination of the 10M martensite plate variants
1922) The other has rather flat and smooth morphology, although the martensitic transformation is completed at room temperature apparently from the DSC measurements. Substructures of this area will be discussed later. In the former type, we can clearly see spear and wedgelike morphologies as indicated by arrows. This observation suggests that the fundamental plate variant combinations mentioned above are probably completed in the 10M martensite. Similar surface relief morphologies were observed in the Ni28.5 at% Mn21.5 at% Ga alloy.
The plate group configuration consisting of the 10M martensite and its schematic illustration are shown in Figs Fig. 2(g) , which is characteristic of type II twin pattern along the © 1 direction. Three fundamental combinations of four plate variants are consistently identified. They are essentially the same 10µ µm Table 1 . The twinning elements are calculated by the BilbyCrocker theory.
27) The lattice parameters used are a = 0.422, b = 0.558, c = 2.103 nm and ¢ = 90.3°, which are determined from the present electron diffraction experiments.
The other variant configuration only consisting of A : D (B : C) type is frequently observed as shown in Fig. 3(a) , where the variant plates are very large over several µm and the boundary is more largely curved. Such configuration probably corresponds to the smooth surface region in the optical micrograph in Fig. 1 , since the twinning shear of the {105} 10M compound twin is quite small as presented in Table 1 .
Twin boundary structure
Three twinning modes of the variant plate combinations, are confirmed as discussed above. In the present section, the boundary structure of these twins is investigated by HREM. 52 B , respectively. It is roughly true that the variants A and C are in mirror symmetry with respect to the K 1 ¼ ð1 2 5Þ A;C plane in (a). However, the twin boundary is not sharp and it is very difficult to identify the exact position of the K 1 plane in comparison to that in other shape memory alloys, although the observation is performed in the edge-on state. In other words, there is a transition region around the boundary where the lattice fringes of the variants A and C cross each other. This will be discussed later together with the (105) compound twin boundary structure. In the A : B pair, it is apparent from the corresponding electron diffraction pattern inserted in the right upper corner in (b) that there are modulated structure with the stacking sequence ð3 2Þ 2 and no modulation in the variants A and B, respectively. Therefore, it is likely that the h 5 51i Type II twin boundary lies along the boundary between the modulated and the non-modulated structures. The trace of the boundary is randomly and largely curved, and blurred in place. This feature is probably due to the irrational nature of the Type II twin boundary. The other reason is that the observation is not completed in the edge-on condition from the unique © 1 direction. That is, the variants A and B are overlapped around the boundary. Figure 5 shows two-dimensional lattice image of the (105) compound twin boundary taken along the [010] direction. The twin boundary is not sharp and the lattice fringes of the variants A and D cross each other as same as those of the variants A and C in the f1 2 5g Type I twin, although the observation is also performed in the edge-on state. In general, the boundary of the compound twin was observed not to be sharp plane in the martensite phase of various shape memory alloys, since the twinning shear of the compound twin is smaller than that of the Type I and Type II twins. 9, 11, 12, 2123, 28) In the present alloy, the twinning shear is very small not only in the {105} compound twin but also in the f1 2 5g Type I twin as listed in Table 1 in comparison to the other systems such as TiNi and CuAlNi. Therefore, the twin boundary is not sharp in both the Type I and the compound twins.
Finally, in order to understand the irrational nature of the h 5 51i Type II twin boundary, we observe it in the edge-on condition from the unique © 1 direction. Figure 6 shows twodimensional lattice image of the h 5 51i Type II twin boundary taken along ½ 5 51 direction. The irrational nature of the Type II twin boundary is still controversial with respect to the presence of ledge and step structures.
918) Neither ledge nor step structures are recognized at the irrational boundary of the 10M martensite in the Ni28.5 at% Mn21.5 at% Ga alloy. This observation suggests that the strain around the boundary is elastically relaxed by gradual displacement of the atoms. The same result of the irrational nature of the Type II twin boundary is obtained for the martensite in various shape memory alloys by HREM observations from the © 1 direction.
12,14,26)
Conclusions
The combination of the 10M martensite plate variants in NiMnGa ferromagnetic shape memory alloy was investigated by CTEM and electron diffraction experiments. There were four plate variants commonly designated as A, B, C and D, and three fundamental plate combinations can be identified in a given plate group, namely A : B (C : D) of h 5 51i Type II, A : C (B : D) of f1 2 5g Type I and A : D (B : C) of {105} compound twins in the martensites. The boundary structure of these twins was also observed in the edge-on state by HREM. The boundary of the Type I and the compound twins was not sharp in comparison to that in other shape memory alloys. There were neither ledge nor step structures at the irrational boundary in the Type II twin. 
